Purpose: Pulsed arterial spin labeling (PASL) is a magnetic resonance (MR) method for measuring cerebral blood ‰ow. Although several validation studies for PASL in animals and humans have been reported, no reports have detailed the fundamental study of PASL using a ‰ow phantom. We compared the true and theoretical ‰ow rates in a ‰ow phantom to conˆrm the analytical validity of quantitative perfusion imaging with Q2TIPS sequence.
Introduction
Arterial spin labeling (ASL) is a magnetic resonance (MR) method to generate perfusion imaging using the blood ‰ow in 2 diŠerent magnetic states instead of using extrinsic tracer administration. Perfusion images are created by subtracting the labeled image from the unlabeled control image. The labeled image is acquired when regional brain tissue isˆlled with arterial blood labeled by saturation or inversion pulse at a proximally located labeling site. The unlabeled image is acquired in the same way, but without the proximal labeling pulse.
More than 200 scientiˆc and clinical papers regarding ASL have been published, and cerebral blood ‰ow (CBF) measurement using this method has been validated by numerous experiments in laboratory animals and humans. [1] [2] [3] [4] [5] [6] However, no reports have detailed the fundamental study of ASL using a ‰ow phantom in which the true and theoretical ‰ow rates were compared by ASL.
Q2TIPS is a variant of pulsed ASL (PASL) that was proposed by Luh and associates 7 and produced by modiˆcation of QUIPPS and QUIPPS II. 8 Q2TIPS sequence has a saturation pulse after labeling pulse that is applied at a given interval after the labeling pulse on the same labeling plane, which enables control of the amount of labeled bolus and
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DS＝2S0B･f･t･exp (-TI2 W T1B)･q(T1B, T1t, Tex, f, l, TI2) ( T I 1Àt and t＋dtºTI2) (4) Fig. 1 . Schematic illustration of the Q2TIPS sequence chart, which was modiˆed from that of Luh and assocates. 7 The gray and white bars on each line indicate the targetingˆeld of the slice selection gradient. The white bar of gradient is alternately applied for labeling and control states. In-plane presaturation pulses on imaging plane followed by the sech inversion labeling pulse on labeling plane were applied. Periodic saturation pulses applied from TI1 to TI1S consist of a train of 909excitation pulses, each followed by a crusher gradient. Five imaging slices of echo planar imaging (EPI) acquisition are applied at TI2.
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manages the problem of transit delay. [7] [8] [9] In a ‰ow phantom, we compared true and theoretical ‰ow rates to conˆrm the analytical validity of quantitative perfusion imaging with Q2TIPS sequence.
Materials and Methods
A kinetic model for Q2TIPS Figure 1 is a schematic illustration of the Q2TIPS sequence chart, which was modiˆed from that of Luh's group. 7 Wong and colleagues proposed the following equation (Eq.) of quantitative CBF using PASL with labeling by inversion radiofrequency (RF) pulse: [7] [8] [9] D S is the diŠerence in signal intensity between the control and labeled images of the regional brain tissue using EPI sequence of Q2TIPS; S0B is the signal intensity of 1 g of the blood in a single-shot echo planar image (EPI) at the same echo time (TE) as that of EPI sequence of Q2TIPS and repetition time (TR)＝/, which should be obtained separately from EPI images of Q2TIPS; f is the regional CBF; dt is the transit delay time between application of the labeling pulse andˆrst arrival of labeled blood in the imaging plane; T1B is the T1 value of the blood; T1t is T1 value of the brain tissue; Tex is the transit time from the distal edge of the tagged region to the capillary bed, where tagged blood water exchanges with brain parenchyma water; l is the equilibrium tissue W blood partition coe‹cient of water; and q is a correction factor that accounts for a shift in the T1 decay of the labeled blood resulting from exchange of labeled spins from the blood into brain tissue and clearance of the labeled blood by In the Q2TIPS sequence chart, there are 2 important parameters, TI1 and TI2.
7
TI1 is a given time parameter that represents the interval between the initiation inversion RF pulse for labeling the blood and the periodic saturation pulses, which are both applied to the labeling plane. Therefore, TI1 is related to the amount of labeled blood volume. TI2 is a given time parameter and represents the time between application of the labeling pulse and start of scan of the region of interest (ROI) by EPI sequence. Because dt and t are not known a priori, [7] [8] [9] it is necessary to regulate the parameters TI1 and TI2 so that CBF can be calculated using Eq. (3). Flow phantom, Q2TIPS sequence, and data acquisition Figure 2 shows the diagram of our experimental setting. We built a ‰ow phantom consisting of a 40-mm diameter plastic syringeˆlled with plastic beads and small plastic tubes 4 mm in diameter. The beads were used to diverge the ‰ow and the tubes to prevent cross-current. The net crosssection of the syringe at the area where the small plastic tubes wereˆlled was 10.4 cm 2 . The Gd-DTPA-doped 8L water solution (0.1 mM) was circulated between the syringe and a tank through a plastic tube by a constant ‰ow pump. Using Q2TIPS sequence, a region 100 mm wide proximal to the phantom (labeling plane) was labeled by an inversion pulse (Fig. 2) . Five imaging slices (imaging plane) were located over the phantom with the most proximal slice at an area 10 mm distal to the labeling plane, and images were acquired sequentially in a distal-to-proximal direction using a single-shot EPI technique (slice width＝8 mm, interslice gap＝1.8 mm, TR＝2000 ms, TE＝26 ms, acquisition time per slice＝49.5 ms). Fifty subtraction images were obtained by subtracting the nonlabeled image from the labeled image at each slice position. The inversion pulse parameters of Q2TIPS sequence were set as: TI1＝50 ms, TI1S＝ 1300 ms, and TI2＝1400 ms. TI1S is a given time parameter between the application of the labeling pulse and cessation of the application of the saturation pulse on the labeling plane.
The ‰ow rate of this study depends on the crosssection of the phantom. To expand the versatility of the results, the ‰ow rate was described as a velocity form (cm W s), which was calculated from the volume per unit time divided by the net crosssection of the imaging slice. The measurements were repeated 27 times while the true ‰ow rate F was altered between 0 to 2.61 cm W s. For each measurement, the solution ‰owing from the phantom in a given time was sampled with a beaker and weighed to obtain the true ‰ow rate, F.
A single-shot EPI image (slice width＝8 mm, TR ＝3000 ms, TE＝26 ms) was obtained separately from Q2TIPS for the measurement of S0B. A singleshot echo planar inversion recovery (EP-IR) pulse sequence with 12 TI values between 300 and 1200 ms was performed for the measurement of T1B.
Data processing
The theoretical ‰ow rate, F?, was obtained from the sum of the f value derived from measured D S using Eq. (3). At each slice position, D S was obtained as an averaged signal intensity of 50 subtraction images. At interslice gap, D S was estimated by interpolation from signal intensities of the neighboring imaging slices. The correction factor, q, can typically range from 0.85 to 1.0 and ideally come close to 1.0. [8] [9] [10] In this study, the value of q was set at 1. TI2 was corrected for the delay from sequential acquisition, with acquisition time per slice of 49.5 ms. S0B was measured from a single-shot EPI image obtained separately from Q2TIPS, as mentioned. T1B was measured as 1167 ms using EP-IR pulse sequence.
The ‰ow rate can be measured using Eq. (3) only when the whole labeled bolus is within the imaging plane. In other conditions, accurate measurement of ‰ow rate is extremely di‹cult because of the uncertainty of t and dt. To determine the ‰ow rate range that satisˆes Eq. (3), the subtraction images of the phantom at the 5 slice positions were evaluated visually. Flow rate was judged to be appropriate when both the head and tail of the labeled bolus, which appear as a positive subtracted value, fell within the imaging volume, as shown in Fig. 3 . Figure 4 shows the theoretical ‰ow rate ( F?) plotted against the true ‰ow rate ( F ). From visual evaluation of the subtracted images, we concluded that Eq. (3) was satisˆed at a ‰ow range from 1.43 to 1.95 cm W s. Within this range, a good linear relationship between F? and F was observed (F?＝ 1.024F-1.915, R 2 ＝0.902). The ratio of F? and F was 92 (＋W -) 4z.
Results

Discussion
Several validation studies in rats, 1, 2, 11 cats, 12, 13 and gerbils 14 have quantiˆed CBF with ASL. For example, in their results with rats, Detre's group found that CBF measured using continuous ASL (CASL) was approximately equal to that previously reported. 2 Li and colleagues compared CBF measurements by bolus tracking of exogenous contrast agent and by PASL in 11 healthy volunteers and found good agreement between them. 15 Ye and associates reported a human study in which CBF measurements by CASL and by H2 15 O PET were compared, and they concluded that in gray matter, measurements using the 2 methods were in approximate accord, whereas in white matter, ASL signiˆcantly underestimated CBF. 16 Nevertheless, because these studies did not use directly measured CBF values as the gold standard, there remains some room for argument about the accuracy of quantitative CBF measurement using ASL. Using a ‰ow phantom, we could conˆrm quantitative ‰ow measurement by ASL.
To quantify CBF by ASL, it is necessary to retrieve all the labeled blood produced at the labeling plane and running into the imaging plane. In vivo, labeled blood may stay in the capillary bed or interstitial space within the ROI for a moment, so regional labeled blood can be surveyed with a single timing imaging acquisition. In contrast, in the ‰ow phantom, the ‰ow rate must be examined under the streaming state, and the labeled bolus may be dispersed along the direction of ‰ow within the phantom. We attempted to detect the whole of the dispersed labeled bolus by multi-slice imaging acquisition.
An essential question may arise as to whether Wong's proposed PASL model can be applied to our ‰ow phantom study because of a discrepancy between the PASL model and the nature of our phantom; theoretically, the same equation could be provided for our ‰ow phantom using Q2TIPS (see Appendix). However, there is a notional diŠerence in the factor q. In our phantom study, there is no shift in T1 decay of the labeled blood from exchange of labeled spins within the syringe, and ideally, the labeled solution is not cleared by out‰ow. Therefore, if q＝1, Wong's PASL model should be applied to our phantom study.
In this study, the ‰ow rate was described as a velocity form (cm W s) calculated from the volume per unit time divided by the net cross-section of the imaging slice. However, the range in ‰ow rate at which measurement was validated (1.43 to 1.95 cm W s) was substantially lower than that for the anterior, middle, or posterior cerebral arteries (40 to 60 cm W s) 17 and higher than that for the capillary circulation (0.1 to 0.2 cm W s). 18, 19 This limits this study.
In Fig. 4 , according to the true ‰ow rate, F, there appear 4 diŠerent phases. On theˆrst (0ºFº0.41 cm W s), the theoretical ‰ow rate, F?, was nearly 0, even though F was gradually increased. According to simple calculation, the head of the labeled bolus moves up to 0.57 cm at the start, and the tail moves 0.66 cm at the termination of the EPI sequence, and the labeled bolus does not reach the proximal end of the imaging plane. This phase might re‰ect the state described by Eq. (1), where EPI sequence was applied before the labeled solution ‰owed into the imaging slices. In the second phase (0.41º Fº1.43 cm W s), F? gradually increased as F increased, but not proportionately. The head of the labeled bolus travels 0.57 to 2.0 cm at the start, and the tail 0.66 to 2.29 cm at the termination of the EPI sequence, and the labeled bolus crosses from the distal end of the labeling plane to the proximal end of the imaging plane. However, the whole of the labeled bolus could not be caught up on the imaging plane, supposedly because of the dispersion of the labeled bolus. This phase might re‰ect the state described by Eq. (2), where EPI sequence was applied when the labeled solution partially ‰owed into the imaging slices. In the third phase (1.43ºFº1.95 cm W s), F? increased in proportion to F. The head of the labeled bolus changes from 2.0 to 2.72 cm at the start, and the tail from 2.29 to 3.11 cm at the termination of the EPI sequence, and the labeled bolus falls within the imaging plane. This phase might re‰ect the state described T. Noguchi et al.
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by Eq. (3), as mentioned in Results. In theˆnal phase (1.95ºFº2.61 cm W s), F? varied whereas F increased. The head of the labeled bolus changed from 2.72 to 3.65 cm at the start, and the tail from 3.11 to 4.16 cm at the termination of the EPI sequence. Though the head and tail of the labeled bolus were placed within the imaging plane in calculation, imaging data demonstrated that the head of the labeled bolus ‰owed out of the imaging plane (data not shown) when EPI sequence was applied when the labeled solution partially ran out of the imaging slices. However, Eq. (4) may not be applied to this phase because it presumed that the labeled blood usually remained in the normal brain tissue in vivo.
Conclusion
We compared true and theoretical ‰ow rates in a ‰ow phantom study. Flow rate was quantiˆed with reasonable accuracy when the entire amount of labeled bolus within the phantom could be recovered. This study suggested that quantitative blood ‰ow measurement may be feasible using the Q2TIPS pulse sequence and the kinetic model of the PASL equation.
